We have constructed a test facility for characterizing the focal plane arrays of SAFARI, the far-infrared imaging spectrometer for the SPICA satellite. SAFARI's three bolometer arrays are populated with extremely sensitive (NEP ∼ 2 × 10 −19 W/ √ Hz) transition edge sensors with a transition temperature close to 100 mK. The extreme sensitivity and low saturation power (∼4 fW) of SAFARI's detectors present challenges to characterizing them. In optimizing the SAFARI Detector System Test Facility we have paid careful attention to stray-light exclusion as well as electrical, magnetic, and mechanical isolation. We present measurements verifying the facility's performance and analyze them in terms of a two-fluid model of the TES current on the transition to investigate the background power level. We have measured a detector NEP of (5.1 ± 0.4) × 10 −19 W Hz −1/2 , showing that the facility is ready to test the SAFARI prototype arrays and is approaching the performance needed for testing the flight arrays.
ters previously developed for ground-based applications [3] and have correspondingly low saturation powers. Testing such sensitive detectors is challenging and requires careful attention to magnetic and RF shielding, stray-light exclusion, and vibration isolation. We present measurements showing our progress in optimizing the SAFARI Detector System Test Facility, which will be used to qualify and characterize the SAFARI focal plane units and readout.
Description of the Test Facility
The test facility in Groningen (see Fig. 1 ) uses a Leiden Cryogenics dilution refrigerator with a cooling power of ∼200 µW at 100 mK. With this experimental setup we reach a base temperature of about 8 mK and have operated the detectors with bath temperatures, T bath , as low as 15 mK. The refrigerator is precooled by a Cryomech PT-415 pulse-tube cooler which is attached to the 50-K and 3-K stages. This has two expansion tanks and the rotary valve motor is separated from the cryostat. The expansion tanks and valve motor are mounted on the cryostat's support tripod. There is an almost identical system at SRON-Utrecht and the two systems are being optimized in parallel. There are eight woven looms of 12 twisted pairs each for detector readout. Two have Cu conductors for low electrical resistance. The rest have CuNi conductors to minimize thermal conductance. The looms are enclosed in stainless steel tubes and heatsunk at various points. RF shielding is provided by two Faraday cages. The outer one is formed by the Dewar main shell and contains the room-temperature readout electronics as well as a multiplexer box, which allows us to connect the readout to different SQUIDs. The inner Faraday cage is the 3-K shield. Wires entering the 3-K shield are low-pass filtered at several hundred MHz. The system has been designed for flexibility: a reconfigurable patch board on the 8-mK stage redistributes the signals from the looms between the two experiment boxes currently installed. One of these experiment boxes is being used for dark testing and system optimization and provides the results presented here. The other is used for optical detector testing. Each experiment box comprises a tin-plated copper can, with light-tight feedthrough for wiring and an absorbing labyrinth where it attaches to its base, all surrounded by a Cryoperm can. We have verified that this provides good magnetic shielding and is light-tight.
Measurements
We mounted a sensitive TES fabricated at SRON in the test facility in order to verify the facility's performance. This particular detector had previously been characterized in SRON-Utrecht and also by Beyer et al. in a low-background test facility [4] . To check the stability of the facility we measured the Allan variance [5, 6] with the detector in the superconducting state and found a minimum at about 6 s. When the TES is in the superconducting state we see lines in the power spectrum, from radiofrequency interference and microphonic pickup, that disappear when the pulse-tube cooler is switched off. These are small compared with the current noise when the TES is biased on the transition and do not interfere with the measurement of the detector NEP (see Fig. 2 ).
We measured current-voltage characteristic curves (IV curves) at different bath temperatures and used the known component values of the bias circuit to produce calibrated IV curves which show the current through the TES against the voltage across it. We then calculated the Joule power at each TES voltage to convert the IV curves into power curves. Each power curve comprises a parabolic region corresponding to the normal state, a flat region commonly called the power plateau [7] where the TES is on the transition, and a point at the origin corresponding to the superconducting state. We used the power plateaus to estimate the Joule power at each bath temperature and fitted the results to obtain the transition temperature T c and thermal conductance G of the detector (see Fig. 2 ). [4] . Calibration may also play a role; we measured a normal resistance of 213 ± 1 m while Beyer et al. report 225 m . Also, there was no compensation for any background magnetic field. As can be seen from Fig. 3 , the power plateaus are not really flat, which complicates their interpretation. Also, although a difference in detector loading between two measurements is clearly shown as a difference in the power plateaus, a constant background loading common to both measurements would not be revealed so readily. For these reasons, we used a quasistatic large-signal model of the TES to calculate the expected power curve from the measured thermal parameters. We based our model on work by Irwin et al. who used a two-fluid model of the current in a TES on its transition to investigate limits on its thermal-response time [8] . In this model the total current through the superconductor is
where V is the potential difference across the superconductor and I c (T ) is the critical current. The two constants c I and c R determine the relative importance of the superconducting and normal channels. For a critical-current-limited TES we would expect to have c R = 1 and c I = 0.5. Irwin et al. express the Ginzburg-Landau critical current in terms of macroscopic parameters. We use their expression for I c (T ), taking the heat capacity of the normal electrons as C n = 30 aJ/K to match the measured slopes of the power plateaux. Note that C n and c I are degenerate. Then for a given TES voltage V and incident power P back we can solve the thermal balance equation numerically for the TES temperature, T . Then (1) gives the TES resistance, current, and Joule power to generate IV curves and power curves. We can also model raw IV curves or the responsivity of a TES biased with an external voltage V 0 or current I 0 . Then we solve simultaneously the thermal balance equation (2) and one of the electrical equations
for T and V . Here V th (V 0 ) and R th are the Thevenin equivalent voltage and resistance for the bias network excluding the TES and stray resistance and R(T , V ) is the TES resistance calculated from (1) . It is interesting that this model is unstable low on the transition, like measured IV curves.
As shown in Fig. 3 , the model gives a good account of the shape of the IV curve as well as the power curve. The negative slope of the power plateau is reproduced, as well as the curvature in the power plateau at low bias voltage. The latter is most likely due to the current dependence of the TES R-T curve. The increase in curvature towards low bias voltage is then expected because the current increases rapidly as the bias voltage decreases. The model deviates from the data just above the top of the transition. This is expected because the model does not yet include the longitudinal proximity effect [9] from the Nb leads of the TES. As shown in Fig. 3(b) , the model requires a background power of 0.3 fW (or, equivalently, for the bath temperature to be increased by 2.2 mK) to match the power plateau. This is not unreasonable as we have found that opening the RF shielding loads the detectors by about 2.4 fW. For operational reasons the Faraday cage formed by the Dewar main shell was not completely tight during these measurements so this may be due to residual RF loading; this is being investigated now. It is important to note that we see no significant change in the power plateaus when the pulse-tube cooler is switched off.
Conclusions
We have demonstrated that the SAFARI Detector System Test Facility is suitable for measuring ultra-low-NEP detectors, although our modeling indicates that there may be a residual background loading of ∼0.3 fW. The next step is to characterize fully a reference detector in a wet cryostat at SRON-Utrecht and again in this facility to help us to optimize the system further. We continue to make incremental improvements to the test facility in our approach to the ultimate performance needed to test the flight detectors. As it stands, the system is ready for its next task which is to characterize the SAFARI prototype arrays and readout.
